Abstract Antiretroviral medication refill adherence has not been compared directly to electronic drug monitoring (EDM) in any identifiable published study. We retrospectively studied adults with undetectable HIV titers on highly active antiretroviral therapy. We used Pearson correlation coefficients and receiver operating characteristic curves to relate the two adherence measures, and we used the Wilcoxon rank-sum test to assess the relation between adherence and viral load. In sixty-five subjects, the majority of whom were African American and male with median age of 44 years, pharmacy refill adherence was difficult to collect retrospectively, was not significantly correlated with EDM adherence, and was not significantly related to viral load. Ninety-day supply pharmacy refill adherence correctly classified 95% EDM adherence maximally at 94 days between refills, and the measure was most sensitive for non-adherence at \90 days. Reassessment of the relation between pharmacy refill data and EDM would be warranted when pharmacy refill data is collected as soon as feasible from sources with complete data capture.
Introduction
The impact of HIV infection and AIDS on morbidity and mortality has greatly declined since the introduction of highly active antiretroviral therapy (HAART) (Centers for Disease Control and Prevention 2006) . The success of these regimens on an individual patient's health status depends upon relatively high levels of adherence to therapy (Bangsberg et al. 2000 (Bangsberg et al. , 2001a Garcia de Olalla et al. 2002; Gross et al. 2001; Sethi et al. 2003; Wood et al. 2003) . Lower rates of adherence are associated with increasing HIV viral load (Gross et al. 2001) , treatment resistance (Bangsberg et al. 2000; Sethi et al. 2003) , progression of disease (Bangsberg et al. 2001a, b) , and death (Garcia de Olalla et al. 2002; Wood et al. 2003 ).
An efficient, easy method of measuring adherence is required to improve monitoring of adherence in clinical practice. An analysis by Gross et al. showed that nonadherence occurs up to 3 months prior to breakthrough of viral load (Gross et al. 2008) . Clinicians are unable to accurately assess whether individual patients are or are not adherent (Bangsberg et al. 2001a, b; Gross et al. 2002; Miller et al. 2002) , and patients' self reports to their physicians are also likely to be in error (Berg and Arnsten 2006; Simoni et al. 2006) . Therefore, accurate, sensitive measures of adherence would give clinicians objective data to use to discuss individual non-adherence risk factors without causing patients shame or stigma.
Current objective methods of measuring adherence include electronic drug monitoring of pill-taking behavior, biologic measures, and pill counts. None of these is considered a gold standard, and the appropriate method for measurement depends upon the intended purpose (Chesney 2006) .
One of the most valid methods of measuring adherence that is used frequently in clinical trials and smaller observational studies is electronic drug monitoring (EDM). This method utilizes a medicine bottle cap with an enclosed computer chip to record each time the bottle is opened (Berg and Arnsten 2006; Chesney 2006; Gross et al. 2002; Liu et al. 2001; Miller and Hays 2000) . The EDM pill caps are able to monitor adherence continuously. Some consider this method to be the gold standard of adherence measurement for assessing the validity of other measures (Berg and Arnsten 2006; Chesney 2006) .
Unannounced pill counts are another objective measure that can be used in the clinical setting (Bangsberg et al. 2000 (Bangsberg et al. , 2001a ; however, they may be less feasible. Pill counts can also be conducted over the telephone (Kalichman et al. 2007 ), but these may be time and resource intensive.
Pharmacy refill adherence has been validated as a measure of antiretroviral adherence related to viral load (Gross et al. 2005; Grossberg et al. 2004 ). This method has been used to measure adherence in other chronic diseases including arthritis (Deyo et al. 1981 ) and hypertension (Choo et al. 1999; McNabb et al. 2003; Rudd et al. 1990; Steiner et al. 1991; Steiner and Prochazka 1997) . Pharmacy refill adherence has not been compared directly to other valid, objective adherence measures, such as EDM, over the same time period of antiretroviral adherence in any published study that we could locate. We hypothesized that percent adherence derived from the number of days between pharmacy fills would be related to EDM adherence with the rationale that the pharmacy method might supplant EDM in clinical settings.
Methods

Participants
The study was conducted as a retrospective cohort study utilizing data previously collected for a prospective cohort study. For the present study, all subjects who participated in the original study were eligible for inclusion. The original study was designed to determine how much adherence is required for maintenance of HIV suppression (Gross et al. 2008 ) and also to determine the factors that predict non-adherence to antiretroviral therapy ). Eligible study subjects in the original study were adults on a stable highly active antiretroviral regimen including 600 mg of the non-nucleoside analog reverse transcriptase inhibitor efavirenz once daily. Subjects were required to have HIV viral titers below the level of quantification with ultrasensitive viral assays (i.e. \75 viral copies/ml with the Chiron bDNA 3.0 or the Roche ultrasensitive assay) at initial enrollment into the study. In the parent study, patients were recruited and followed between 2000 and 2004, and efavirenz adherence was assessed with EDM over 12 months.
In the original study, patients were recruited prospectively from several HIV clinics in Philadelphia, Pennsylvania: Hospital of the University of Pennsylvania, the Philadelphia Veterans' Administration Medical Center, Presbyterian Hospital, the Jonathon Lax Treatment Center at Philadelphia Fight, Temple University Hospital, and Hahnemann Hospital. All patients were then evaluated at the General Clinical Research Center of the University of Pennsylvania Medical Center.
For the present study, the dates on which refills of medication were obtained and the number of tablets given with each refill were collected retrospectively from the pharmacies of each patient in the parent study. More specifically, we repeatedly attempted to contact each subject from the parent study by telephone in order to obtain information pertaining to the pharmacies used during participation in the study. Between 2004 and 2006, we then contacted each local pharmacy to obtain dates of refills of medication obtained during the time period in which the subject used the EDM cap in the parent study. When the local chain pharmacy no longer retained the data, we contacted the company's central data repository to obtain pharmacy history for the individual subject. All subjects signed informed consent prior to participation in the parent study.
Measures
Adherence from Pharmacy Refill Data
For the primary analysis, the duration of interest was the time during which the patient had a 90-day supply of medication in his possession, as this time period of pharmacy refill adherence has previously been associated with viral suppression (Grossberg et al. 2004 ). The pharmacy refill measure of adherence assumes that previously obtained fills are used prior to obtaining a refill and that no other supply of medicine is available (Choo et al. 1999; Deyo et al. 1981; Gross et al. 2005; Grossberg et al. 2004; McNabb et al. 2003; Miller and Hays 2000; Rudd et al. 1990; Steiner et al. 1991; Steiner and Prochazka 1997) . For patients who received a 30-day supply of medication with each refill, the time period in which a subject possessed a AIDS Behav (2010) 14:748-754 749 90-day supply of medication was marked by four refills of medication. Specifically, the 90-day supply time period includes an initial fill of 30 tablets and three refills, since the last refill is used only as a reference date to close the 90-day supply time period. We then defined percentage adherence as number of pills dispensed in the first three fills divided by the number of days between the first and last fills 9 100% (Grossberg et al. 2004) . As an example, a subject who received refills on January 1, February 2, March 5, and April 11 with a 30-day supply of tablets in each would be 90% adherent with only 90 tablets dispensed in this 100-day time period. Percentage adherence can be greater than 100% by this definition if refills are obtained prior to the expected refill date. By this method, it was possible over the duration of the 1 year study to have at most four separate 90-day supply time periods of adherence for each subject in the primary analysis. For those patients who received a 90-day supply with each refill, the 90-day supply time period of interest was marked by two refills (an initial 90 tablet fill and one refill). If the refill dates were not available because the pharmacy did not have refill data for the subject during the study, we assumed pharmacy refill adherence was zero percent.
Adherence from EDM
Since EDM data are continuous, every day of adherence is captured. Therefore, we used the same dates on which each patient obtained refills as the reference frame for computing the percentage adherence. For those subjects for whom pharmacy refill adherence was zero because refill dates were not available, we used the dates on which viral load draws were obtained every 3 months as the endpoints for calculating the EDM adherence. Percentage adherence was defined as number of doses taken/number of doses prescribed 9 100%. The number of doses taken was calculated by generating a sum of the number of times the pill bottle was opened (a surrogate for the number of doses taken by the patient) in each block of time of interest. The quantity removed from the monitored bottle was assumed to be the correct dose.
For our primary analysis, the adherence time periods were defined by the dates of pharmacy refills over the time in which a subject possessed a 90-day supply of medication, less than 30 days preceding the viral loads drawn at 3, 6, 9, and 12 months of observation in the parent study. If no pharmacy refills were obtained, then the adherence time periods were defined by the dates upon which viral loads were drawn (approximately every 3 months). If no viral loads were obtained, then the 90-day supply time periods were framed by the dates on which pharmacy refills were obtained beginning from the first fill after use of the EDM cap began. If the viral load dates were missing and no pharmacy refills were obtained, then the end of the time period was defined as 90 days prior to next viral load. For example, if the viral load date was missing at the 3 month follow up visit, then the end of the first time period was considered to be 90 days prior to the date on which the viral load was drawn at the 6 month follow up visit. We did not account for instructions to stop medication that a patient received from the physician, nor for periods of time in which the patient had access to another source of medication, for example during hospitalization.
Data Analysis
We calculated the Pearson correlation coefficient between pharmacy refill adherence and EDM adherence for each individual at different time points. Confidence intervals were constructed based on Fisher's Z transformation, using a design effect adjustment to account for the within-person correlation due to multiple time points of adherence over time for each patient. Because the correlation treats both measures of adherence as outcomes, we calculated the average of the two within-subject correlations for the EDM and pharmacy measures of adherence. The average of the two within-subject correlations was then used in a design effect computation (1 ? q*(k-1)) where q is this average within-subject correlation and k is the average number of observations per subject. This design effect was then used to adjust the Fishers Z transform-based confidence interval for the correlation between the EDM and the pharmacy refill data (Diggle et al. 1994) .
We also generated receiver operating characteristic (ROC) curves (Hanley and McNeil 1982) to determine the ability of the pharmacy refill measure to discriminate good and poor adherence over the time in which a subject had a 90 day supply of medication, as defined by 95% adherence measured using EDM. ROC curves plot the sensitivity and specificity of a screening test (pharmacy refill adherence) when it is compared to a reference standard (EDM adherence). Cut points on the curve can be chosen based on the sensitivity or specificity needed depending upon the planned use of the screening test to discriminate between two outcomes, i.e., good and poor adherence by the reference standard. In our study, two different cut points on the ROC curve were chosen: the first was selected to decrease the misclassification of non-adherence or adherence status, and the second was chosen to maximize the sensitivity of the pharmacy refill adherence measure to find non-adherence.
Finally, we used the two-sample Wilcoxon rank-sum test to determine the relationship between breakthrough of viral load to levels greater than 1,000 viral copies/ml and each of the two measures of adherence in separate analyses.
Results
A total of 117 subjects from the parent study were eligible for this study. Of these, 34 were lost to follow up and could not be contacted for consent to participate in this study. In addition, there were 10 subjects for whom complete pharmacy data could not be obtained. Finally, six subjects were excluded because they had not obtained at least a 90-day supply of medication, and two subjects were excluded because the refills did not occur within 30 days of viral load draws during the parent study. Therefore, 65 subjects were included in our primary analysis.
Demographic data on the enrolled subjects were as follows: forty-nine (75%) subjects were male; median age was 44 years (range 28-70). Forty-one (63%) subjects were African American, seventeen (26%) were White, three (5%) were Hispanic, and four (6%) were of other race. Nine (14%) subjects used injection drugs, twentyeight (43%) were men who have sex with men, and six (9%) had a blood transfusion prior to 1985. Fifty-two (80%) of the subjects had at least a high school education. Forty-one (63%) had an income of less than $15,000. The median CD4 cell count of the sample participants was 438 [interquartile range (IQR) 257-561 cells/ml] and 54 (83%) of the subjects had been diagnosed with AIDS. Thirtyseven (57%) of the subjects were antiretroviral naïve prior to the currently studied regimen. The demographic profile of the subjects who were excluded from the analysis due to missing data or loss to follow up was not significantly different from the enrolled subjects except that the excluded subjects were more likely to have a history of injection drug use.
In the primary 90-day supply analysis, there were 168 time points of data where estimates of both EDM and pharmacy adherence were available from 65 participants. Of these, 90/168 (54%) had 95% or greater adherence by EDM. In addition, 64/168 (38%) had 95% or greater adherence by the pharmacy refill estimate of adherence, and 68/168 (40%) had 0% adherence by pharmacy refill adherence.
The Pearson correlation coefficient between pharmacy refill adherence and EDM adherence was 0.022 (95% confidence interval -0.19 to 0.23). Because EDM adherence and pharmacy refill adherence were repeatedly measured for each subject over 1 year's time, we adjusted for the resulting clustering on both the EDM and pharmacy refill adherence measures by computing the within-subject correlations for each measure: EDM adherence (0.50) and pharmacy refill adherence (0.00). The average of these within-subject correlations (0.25) was used to adjust the 95% confidence interval around the point estimate.
After excluding the 68 time points where the pharmacy refill estimate was zero, if we assume that all episodes of missing pharmacy data were due to loss of data by error at the pharmacy rather than non-adherence, the correlation was 0.049 (95% confidence interval of -0.20 to 0.30). This confidence interval accounts for an average within-subject correlation of 0.93 given the within-subject correlations of 0.86 and 0.99 for EDM and pharmacy refill adherence, respectively. A visual plot demonstrating the lack of direct relationship between EDM and pharmacy adherence is shown in Fig. 1 . A secondary analysis ignoring timing of refills in relation to viral load including 67 subjects and 192 time points of adherence data showed similar results. Figure 2 shows the ROC curve for the sensitivity and specificity of the relationship between 95% EDM adherence and the time to obtaining a refill when a subject had a 90-day supply of medication in their possession. Maximum correct classification of EDM adherence status (67.5% of subjects correctly classified as adherent or non-adherent) occurred when the number of days between refills for a 90-day supply was 94 days (area under the curve 0.688, 95% CI 0.591-0.786). Maximum sensitivity for nonadherence occurred with less than 90 days between refills. Similar results were seen in an analysis using a 30-day supply time period where the highest sensitivity for nonadherence was seen with a cut point for obtaining a refill less than 30 days after the original fill. Maximum correct classification (63.9%) was seen if the refill was not obtained by 32 days (data not shown, area under ROC curve 0.626, 95% CI 0.542-0.710).
In the viral load analyses using the two-sample Wilcoxon rank-sum test, there were three subjects with breakthrough of viral load to greater than 1,000 viral copies/ml. The median EDM adherence was 25.8% (IQR 24.2-77.2%) with viral load breakthrough and 95.5% (IQR 84.9-100.0%) without breakthrough, and EDM adherence was significantly related to viral load (z = 2.476, P \ 0.05). The median pharmacy refill adherence was 0% (IQR 0-73.2%) with viral load breakthrough and 89.1% (IQR 0-98.9%) without breakthrough, but this difference was not statistically significant (z = 1.437, P [ 0.1).
Discussion
In our analysis, pharmacy refill adherence correlated poorly with EDM despite the two measures' previously reported significant correlations with viral load (Gross et al. 2001 (Gross et al. , 2008 Grossberg et al. 2004 ). Our results suggest that retrospective collection of pharmacy refill data from commercial pharmacies does not result in a measure of adherence which correlates with EDM adherence. Pharmacy refill adherence also was not significantly related to viral load, perhaps in part because only three subjects with complete data had breakthrough of viral load.
Our results show that a higher percentage of subjects had 95% or greater adherence by EDM than by the pharmacy refill estimate of adherence. This is likely to be primarily due to the number of subjects for whom pharmacy refill data were not available from the pharmacies they reported using during the study. Our analysis assumes that all patients for whom pharmacy data were unavailable were non-adherent. In fact, there are multiple other possible explanations for missing pharmacy data. It is possible that data were lost by the pharmacy, or that patients used a pharmacy different from those they recalled, obtained medication from alternate sources, kept stockpiles of medication at home, or received medication from another person.
This analysis demonstrated that obtaining pharmacy refill data retrospectively was technically difficult. Thirtyfour subjects from the parent study could not be relocated and were lost to follow up. In addition, we were unable to obtain complete pharmacy data on 10 subjects due to poor subject recall of pharmacies used during the study, subjects' use of multiple pharmacies, loss of pharmacy records with closure of pharmacy or change of ownership, and the need for pharmacy-specific consent forms.
Comparison of our experience to prior work by the group (Graham et al. 2007) suggests that collection of pharmacy data was easier when data were collected closer in time to patients' receipt of refills from the pharmacy. In the group's previous study, obtaining pharmacy data was much easier with direct clinician to pharmacist contact (Graham et al. 2007 ). During the current retrospective study, local pharmacists suggested collection of data within 1 year of the date of refill because data are more likely to be sent to central repositories after this time.
We used ROC curves to compare the pharmacy refill adherence measure to suboptimal adherence (95% or less) as defined by EDM. Because we did not know whether or not subjects had an extra supply of medication at home, they may have returned to the pharmacy ''late for a refill'' without missing any doses. Therefore, it was important to test various cut points in the number of days late for a refill to define non-adherence. The results of the ROC analysis help to determine the ability of the pharmacy refill measure to correctly classify individuals as adherent or non-adherent as defined by the EDM measure.
In our first ROC analysis, our goal was to maximize correct classification by defining the number of days between refills at which the greatest percentage of subjects were correctly defined as adherent or non-adherent with 95% EDM adherence as the reference standard. The results suggest that a patient who is 4 days late to obtain a refill (taking 94 days to get back to the pharmacy when he has a 90-day supply of medication in his possession) can be defined as non-adherent in reference to 95% EDM adherence. In our second ROC analysis, we chose a cut point to increase sensitivity for non-adherence in order to decrease missed non-adherence. The second ROC result suggests that a patient who returns to the pharmacy even 1 day late may be non-adherent.
Adherence was measured repeatedly for each subject over 1 year, and we found a moderate to high within-subject correlation of 0.25-0.93. These results suggest that an individual's past adherence is predictive of future adherence, though adherence is a dynamic phenomenon (Gross et al. 2006) warranting ongoing real time monitoring.
Our results are limited by the small sample size of subjects with complete data available for analysis due to both subject loss to follow up and lack of pharmacy data. We had difficulty locating some patients and obtaining pharmacy refill data retrospectively from some commercial pharmacies. It is possible that a relationship between pharmacy refill and EDM adherence or viral load would be evident with a larger number of subjects or more complete data availability.
In addition, very few subjects for whom complete data were available had breakthrough of viral load. Subjects who were lost to follow up may have been less adherent than those who were included in our analysis. If more subjects with poor adherence or viral load breakthrough were included in the analysis, we might have found a relationship between pharmacy refill adherence and viral load.
Other factors may have been responsible for the lack of pharmacy data available for retrieval. For example, patients may have obtained medication from a friend or from a pharmacy they did not recall using, or they may have stockpiled doses by obtaining refills sooner than necessary and using the extra doses in the next time period. As our goal was to assess the validity of pharmacy refill adherence absent other information, we did not ask patients about these behaviors. Future studies should attempt to better elucidate some of the behaviors that may mask adherence in individual patients.
Pharmacy refill adherence has previously been found to be related to viral load outcomes. This analysis using retrospectively-collected pharmacy data did not find a relationship to either EDM adherence or viral load breakthrough. Our experience with use of this measure suggests that data should be collected as close as possible to the time each subject refills his prescription. Future work using pharmacy refill data should ensure that the data are collected as soon as feasible and, if possible, from sources with longstanding history of complete or near complete data capture (e.g., the Veterans' Administration). Reassessment of the relation between pharmacy refill data and EDM would then be warranted.
